DNA methylation is an important, heritable epigenetic modification in most eukaryotic organisms that is connected with numerous biological processes. To study the impact of natural epigenetic variation in an ecological or evolutionary context, epigenetic studies are increasingly using methylation-sensitive amplification polymorphism (MSAP) for surveys at the population or species level. However, no consensus exists on how to interpret and score the multistate information obtained from the MSAP banding patterns. Here, we review the previously used scoring approaches for population epigenetic studies and develop new alternatives. To assess effects of the different approaches on parameters of epigenetic diversity and differentiation, we applied eight scoring schemes to a case study of three populations of the plant species Viola elatior. For a total number of 168 detected polymorphic MSAP fragments, the number of ultimately scored polymorphic epiloci ranged between 78 and 286 depending on the particular scoring scheme. Both, estimates of epigenetic diversity and differentiation varied strongly between scoring approaches. However, linear regression and PCoA revealed qualitatively similar patterns, suggesting that the scoring approaches are largely consistent. For single-locus analyses of MSAP data, for example the search for loci under selection, we advocate a new scoring approach that separately takes into account different methylation types and thus seems appropriate for drawing more detailed conclusions in ecological or evolutionary contexts. An R script (MSAP_score.r) for scoring and basic data analysis is provided.
Introduction
DNA methylation is one of the most extensively studied epigenetic modifications in eukaryotic organisms and has been connected with numerous biological processes, extending from the level of single cells to the influence on ecological traits and microevolution (Bossdorf et al. 2008; Fujimoto et al. 2012) . Together with changes of DNAassociated molecules, such as modifications of DNA-and histone proteins or changes of chromatin structure and small noncoding RNAs (Chatterjee & Vinson 2012) , DNA methylation is part of a complex interacting epigenetic network that, without changing the underlying genetic code, modulates and controls gene expression.
In higher eukaryotes, DNA methylation almost exclusively occurs at the 5th carbon position of cytosine residues (Ratel et al. 2006) and is primarily found in the CG dinucleotide context. While in mammals, non-CG methylations are abundant only in embryonic stem cells and rarely occur in somatic cells (Ramsahoye et al. 2000; Lister et al. 2009 ), plants harbour cytosine methylations at CHG and CHH sites (H = A, C, T) throughout their genomes. Methylated CG sites often occur in promoter regions and are generally linked to transcriptional repression, however, in both animals and plants CG methylation to some extent can also be associated with gene activation (Chatterjee & Vinson 2012; Grativol et al. 2012; Saze et al. 2012) . Silencing or activation of proteincoding genes can be inherited through meiosis over several generations (reviewed in Jablonka & Raz 2009) and is giving rise to so-called epialleles (Schmitz et al. 2011) .
Our knowledge about the functional role of DNA methylation and its impact on regulatory processes has dramatically increased through the development of new molecular and analysis tools (Grant-Downton & Dickinson 2005 Bock 2012) . For model species, genome-wide profiles of DNA methylation are available at high resolu-tion using microarray technologies and next generation sequencing of bisulphite converted DNA (Bock 2012; Fujimoto et al. 2012 ). However, due to high costs and resource intensities, these methods usually are not suited for nonmodel species or for studies at the population level.
An alternative technique allowing extensive analyses of epigenetic variation for a high number of individuals is methylation-sensitive amplification polymorphism (MSAP), based on the use of the isoschizomers HpaII and MspI. These two restriction enzymes differ in their sensitivity to the methylation state of their recognition site 5′-CCGG and allow the comparison of large amounts of anonymous, methylation-sensitive CCGG regions across the genome (see Box 1), thereby covering the most frequent methylation types in the CG and CHG sequence context. The MSAP approach was first described by Reyna-Lopez et al. (1997) in a study on fungi and later modified for the use in plant species by Xiong et al. (1999) . Ever since, the approach was adopted in more than 100 publications, focusing mainly on developmental biology (e.g. Portis et al. 2004; Hanai et al. 2010; Moran & Perez-Figueroa 2011; Meng et al. 2012) , hybridization and polyploidization (e.g. Salmon et al. 2005; Zhao et al. 2008; Hegarty et al. 2011; Rodriguez et al. 2012 ) and plant breeding (e.g. Takata et al. 2005; Zhang et al. 2007; Salmon et al. 2009; Long et al. 2011) .
In the past 5 years, MSAP analyses also became an important tool to answer questions in the emerging field of 'ecological epigenetics', studying epigenetic processes in an ecological context (Bossdorf et al. 2008) . To gain a deeper knowledge about natural genomic methylation and the impact of epialleles for processes like phenotypic plasticity and ecological adaption, several studies have used the MSAP technique for population epigenetic studies with plants (e.g. Li et al. 2008; Gao et al. 2010; Herrera & Bazaga 2010 Richards et al. 2012 ), vertebrates (e.g. Taylor et al. 2010 Massicotte & Angers 2012; Schrey et al. 2012 ) and a flower-inhabiting yeast . Despite the rising importance of MSAP analyses for ecological studies and the increasing number of publications using the approach for population epigenetic analyses (for an overview see Appendix S1), the appropriate scoring of the resulting multistate data is still a challenge. In recent studies, at least five different scoring methods have been employed to assess epigenetic variation and some authors have also used MSAP data to gain information about genetic variation (Herrera & Bazaga 2010; Lira-Medeiros et al. 2010) . Thus, there is a strong need for a common and comparable framework for the analysis of MSAP data and the necessity for a common and uniform scoring method. Therefore, the main aim of the present work is to describe and compare existing scoring approaches. In particular, using data from a case study, we will show how different scoring methods affect the resulting patterns and parameters of epigenetic variation within and among plant populations.
Box 1 Methylation-sensitive amplification polymorphisms-MSAP
The MSAP approach is technically a modification of the amplified fragment length polymorphism (Vos et al. 1995) using the same rare cutter EcoRI and substituting the frequent cutter MseI in two parallel runs by the more or less methylation-sensitive restriction enzymes HpaII and MspI. The two isoschizomers recognize and cleave the same tetranucleotide sequence 5′-CCGG, but differ in their sensitivity to the methylation state of cytosine. Recent literature is somewhat inconsistent concerning the methylation sensitivity of the two enzymes (e.g. Salmon et al. 2008; Herrera & Bazaga 2010; Lira-Medeiros et al. 2010; Paun et al. 2010; Richards et al. 2012) Finally, we will propose a scoring approach for future MSAP analyses in the context of ecological epigenetics.
Scoring MSAP raw data-how to get two out of four?
For population epigenetic studies using MSAP, the multistate raw data matrix resulting from the EcoRI/HpaII and EcoRI/MspI profiles (Box 1) needs to be transformed into a binary data matrix, allowing statistical analyses and computation of descriptive indices such as epigenetic diversity or differentiation. To extract binary epigenetic information from combined MSAP profiles, basically three main groups of scoring approaches exist (Fig. 2) . The most widely used approach, hereafter called Methylation Scoring, considers only methylated fragments (condition II and III) as relevant and scores these as presence of information (score: '1'), whereas unmethylated fragments (condition I) are scored as absence (score '0') and fragment absence (condition IV) is scored either as absence (score: '0') or as missing data (score: 'NA'). Furthermore, for the three main MSAP scoring approaches, additional criteria are used to score the four types of methylation variation, resulting in eight different scoring methods (Table 1) . (e Hpa = error rate of HpaII profile, e Msp = error rate of MspI profile, e Hpa e Msp = error rate of combined profiles). All loci with observed proportions of discordant HpaII/ MspI scores suggestive of methylation (i.e. number of individuals with contrasting HpaII/MspI scores divided by total number of sampled individuals) exceeding the threshold are classified as 'methylation-susceptible'. In their study on epigenetic differentiation of a violet species, Herrera & Bazaga (2010) used the remaining 'unmethylated' loci to assess the genetic diversity, treating them as dominant binary AFLP markers, scoring condition I as '1' and condition IV as '0'. For the purpose of this study, we only used the 'methylation-susceptible' loci obtained with a fixed threshold of 5% as performed by Moran & Perez-Figueroa (2011) .
Methylation Scoring
+ + C C C C G G G G Full-methylation of internal cytosine Condition II + - C C C C G G G G Hemi-methylation of internal cytosine Condition II + - C C C C G G G G Hemi-methylation of external cytosine Condition III + (-) C C C C G G G G Full-methylation of external cytosine Condition IV (-) - C C C C G G G G Full-methylation of both cytosines Condition IV - - C C C C G G G G Hemi-methylation of both cytosines Condition IV - - C C C C G G G G Unknown Condition IV - - MUTATION
Non-Methylation Scoring
To our knowledge, Non-Methylation Scoring has been applied solely in the study of Lira-Medeiros et al. (2010) . Here (4), all loci that contain condition III fragments are excluded from the data set as this type of fragments is determined not to be inherited over generations (LiraMedeiros et al. 2010) . Then, the EcoRI/HpaII and EcoRI/ MspII profiles are analysed separately to assess the epigenetic and genetic structure, respectively. In essence, only the reduced EcoRI/HpaII profiles are scored which in fact represent unmethylated condition I fragments. To test the impact of the whole set of unmethylated fragments, we additionally applied a modification of LiraMedeiros et al. (2010) , hereafter called (5) Lira-Medeiros + HpaII, in which condition III fragments are not excluded but scored as '0'. In both (4) and (5), condition IV is scored '0'. Paun et al. (2010) separated the information provided in the MSAP raw data matrix into three marker types (6). For unmethylated markers, only condition I is scored as '1', for markers with HMe CG-or Me CG-sites, both condition I and II are scored as '1' and for markers with HMe CCG-sites condition I and III are scored as '1'. Thus, the methylated markers also include the information of the unmethylated condition I, respectively. To separate the effective unmethylated and effective methylated fragments and to test for the particular impact of the methylated condition II and III, we suggest two new scoring variants. In (7) 'Mixed Scoring 1' for unmethylated markers only condition I is scored as '1' and for methylated markers both condition II and III are scored as '1.' In (8) 'Mixed Scoring 2', additionally the methylated markers are separated into markers with HMe CG-or Me CG-sites and markers with HMe CCG-sites, scoring either condition II or III as '1', respectively. In (6) to (8), condition IV is scored '0.'
Mixed Scoring
Case study: epigenetic diversity of a perennial violet
The eight scoring approaches are partly complementary but differ considerably with respect to the amount of information extracted from MSAP profiles. To assess the impact of the MSAP scoring on descriptive parameters of epigenetic variation, we performed a case study with three populations of Viola elatior from contrasting habitats.
Plant material
Viola elatior (Violaceae) is a rare perennial iteroparous hemicryptophyte, which occurs in Central Europe along a successional gradient from floodplain meadows to alluvial woodland fringes (Eckstein & Otte 2005; Eckstein et al. 2006) . The species has an octoploid genome (2n = 40) and exhibits a mixed mating system with potentially cross-pollinated chasmogamous and obligatory self-pollinated cleistogamous flowers. However, most seeds are produced by cleistogamous flowers (Eckstein & Otte 2005) .
For the purpose of this comparative analysis, we used three populations of V. elatior from the Upper Rhine Valley located in the nature reserve 'Lampertheimer Altrhein' north of Mannheim, Germany. We selected three sites differing strongly in light availability: site1 (80.5% mean transmitted photosynthetic active radiation (PAR); 49°36′8.19″N; 8°26′50.15″E), site2 (12.5% PAR; 49°35′ 50.56″N; 8°26′48.69″E) and site3 (16.5% PAR, 49°35′44.70″ N; 8°25′55.13″E). Distances between populations ranged between 500 and 1300 m. At each site, young and undamaged leaves from 21 to 24 randomly chosen reproductive plants were collected and immediately cooled to 
MSAP epigenotyping
Methylation-sensitive amplification polymorphisms analysis was performed according to the protocol provided as Appendix S2 using eight selective primer combinations. The 67 samples were scored in one batch for presence '1' or absence '0' of fragments obtained with EcoRI/HpaII and EcoRI/MspI resulting in a primary MSAP data matrix of 134 lines (Appendix S3). Error rate estimation was based on 18 replicate samples (27%), starting from the same DNA extracts. The overall error rate was 2.4%.
We generated epigenetic data matrices by comparison of the two digestion profiles. First, a multistate epigenetic raw data matrix of 67 lines containing condition I, II, III and IV was generated. Second, all epiloci that showed a monomorphic pattern or a deviation between EcoRI/HpaII and EcoRI/MspI in only one individual were excluded from the data set to prevent biased parameter estimates (Bonin et al. 2004) . Third, the epigenetic raw data matrix was transformed to binary epigenetic data matrices according to the eight scoring approaches (Table 1) . Fourth, epiloci that turned out monomorphic after transformation were excluded. Data transformation and selection of polymorphic loci were performed using the R script MSAP_calc (Appendix S4), which allows to perform the different scorings (see P erez-Figueroa 2013 for an automated Methylation Scoring). These data matrices are also included in Appendix S3.
Data analysis
Data analysis of the binary epigenetic data matrices was performed using a marker based strategy, that is, we did not calculate allele frequencies (Bonin et al. 2007 ). Epigenetic diversity within populations was quantified using the R script MSAP_calc as (i) number and (ii) percentage of polymorphic epiloci (PLP epi ) and (iii) as mean Shannon's information index H 0 epi = À∑ p i log 2 p i where p i is the frequency of the epigenetic marker score '1' within the population. Patterns of individual and population differentiation were depicted by principal coordinates analyses (PCoA) with GENALEX 6.41 (Peakall & Smouse 2006 ) using the option covariance-standardized. The PCoA was based on a matrix of Nei and Li distances (synonymous to Soerensen and Dice distance) calculated with DistAFLP (Mougel et al. 2002) . This distance measure does not treat shared band absence as identical and thus excludes the uninformative state of absent MSAP fragments. As the Nei and Li distance is a semimetric and non-Euclidean measure, we applied square root transformation to the distance matrices to meet the assumptions of PCoA analyses (Legendre & Legendre 1998 ). The partitioning of epigenetic variance within and among populations was estimated as epigenetic phenotypic differentiation (Φ ST ) with an analysis of molecular variance (AMOVA) using ARLEQUIN 3.5.1.2. (Excoffier & Lischer 2010) . The distance matrix for the AMOVA was based on the default option for haplotypic data computed with pairwise differences and a gamma a value of 0. Additionally, using the same software, we conducted a locus-by-locus AMOVA to characterize the epigenetic phenotypic differentiation at each locus.
Results
Methylation-sensitive amplification polymorphisms analysis of the 67 individuals with eight primer combinations revealed a total of 168 polymorphic loci in the epigenetic raw data matrix. The number of polymorphic loci for each primer combination ranged between 12 and 29. Overall, 7116 MSAP fragments were detected across the 168 loci and 67 individuals, consisting of 51.4% condition I, 40.6% condition II and 8.0% condition III fragments. Whereas most polymorphic loci showed more than one type of MSAP fragments, some loci displayed either only condition I fragments (14%), condition II fragments (9%) or condition III fragments (14%). In total, 128 loci included unmethylated fragments, 105 included fragments with HMe CG-or Me CG-sites and 53 included fragments with HMe CCG-sites.
After transformation to the eight binary epigenetic data matrices, the number of polymorphic epiloci ranged from 78 for the Herrera-scoring to 286 for the 'Mixed Scoring 2' ( Table 2 ). The Methylation and Non-Methylation Scoring approaches obtained similar numbers of around 100 (78-145) polymorphic epiloci, whereas the Mixed Scoring approaches revealed around 250 (245-286) loci. At population level, the mean number of polymorphic epiloci ranged between 57 for the Herrera-scoring to 189 for the 'Mixed Scoring 2.'
Comparing the scoring approaches revealed different mean levels of epigenetic variation across populations (Table 2) , with percentage of bands ranging between 65% (Vergeer) and 74% (Paun) , percentage of private bands ranging between 8.0% (Paun) and 12.7% (Vergeer) , percentage polymorphic loci ranging between 42% (Lira-Medeiros) and 58% (Salmon) and Shannon diversity index ranging between 0.22 (Lira-Medeiros) and 0.36 (Herrera) .
Comparing diversity parameters between the three populations revealed that for all scoring approaches, the number and percentage of bands per population were highest for 'site3' (Table 2 ). In contrast, 'site1' and 'site2' differed in rank depending on scoring, with 'site1' showing the lowest numbers in the Non-Methylation Scoring approaches and the Paun-scoring and 'site2' showing the lowest numbers in the other scoring schemes. The percentage of private bands per population was consistently lowest in site2, whereas site1 and site3 had the highest values depending on the scoring approach. For PLP epi (Fig. 3 ) and Shannon's information index H 0 epi , site2 and site3 consistently had the lowest and highest levels of epigenetic variation, respectively, irrespective of the scoring approach.
Principal coordinates analyses of epigenetic distances in all cases clearly separated the three populations, forming well-defined clusters (Fig. 4) . Variation explained by Table 1 ). the first three axes ranged between 77.0% and 78.1% for the Methylation Scoring, between 86.5% and 86.9% for the Non-Methylation Scoring and between 82.9% and 84.6% for Mixed Scoring approaches. Individuals were less clumped for the Methylation Scoring than for other scorings.
Strong epigenetic population differentiation was corroborated by the AMOVA (Table 3) . In all scoring approaches, except the Salmon-scoring, a greater amount of variation was accounted for by differences among populations than by variation within populations. However, Φ ST values differed strongly between the scoring approaches, ranging from 0.474 for the Salmon-scoring to 0.737 for the Lira-Medeiros-scoring. Similarly, the percentage of significantly differentiated epiloci, as identified by locus-by-locus AMOVA (Table 3) , ranged between 50.3% for the Salmon-scoring and 66% for the Lira-Medeiros-scoring. In general, Mixed Scoring approaches Table 1 ). Populations of Viola elatior are indicated by symbols (○ = site1, □ = site2, Δ = site 3). (Fig. 5 ) across scoring approaches. However, the Herrera-and Salmon-scoring accounted differently for within and among population variation as they showed the largest deviation from the regression line.
Discussion

Benefits and limitations of MSAP scoring approaches
Although Methylation-, Non-Methylation-and Mixed Scoring approaches have been used to assess epigenetic variation previously, the choice of scoring method has rarely been justified. The question arises which kind of epigenetic information is relevant in an ecological or evolutionary context. Most MSAP studies used a kind of Methylation Scoring, concentrating on the effect of a subset of methylation types, namely HMe CG, Me CG and HMe CCG. All other possible methylation types which are not distinguishable from real fragment absence (condition IV) are ignored. For animal species, cytosine methylation in the CHG sequence context is very rare (Feng et al. 2010; Zemach et al. 2010 ) and thus condition IV seems negligible. In contrast, plants frequently exhibit methylations in the CHG sequence context, which leads to an underestimation of genome-wide methylation levels when using Methylation Scoring. For the model species Arabidopsis thaliana, Oryza sativa and Populus trichocarpa, Feng et al. (2010) observed overall methylation levels ranging between 23.3% and 59.4% in the CG context and between 5.92% and 20.9% in the CHG context, showing the potential impact of an underestimation of methylation levels for plant species due to the uninformative state of condition IV. Although, consequently treating condition IV as missing data might be therefore more accurate when using Methylation Scoring (e.g. Herrera & Bazaga 2010; Vergeer et al. 2012) , missing values will compromise the subsequent data analysis. A further drawback of Methylation Scoring is the assembly of condition II and III into one score, neglecting the fact that methylation in the CG and CHG context is catalysed by different enzymes (Furner & Matzke 2011) and thus underlies different regulating processes. Moreover, CG and CHG methylation might potentially account for different, probably counteracting epigenetic effects and thus a combined scoring might blur the real, effective epigenetic pattern.
Although earlier papers dealing with methylationsensitive restriction enzymes suggested focusing on unmethylated fragments (Quint & Cedar 1981) , most of the recent MSAP studies ignored this idea. However, especially ecologically relevant processes like adaption or phenotypic variation are potentially better represented by unmethylated fragments, as in most cases, demethylation rather than methylation seems to account for gene expression (Zemach et al. 2010; Jones 2012; Raynal et al. 2012) and thus actively contributes to phenotypic variation. Furthermore, when considering only unmethylated fragments, the uncertainty due to condition IV is avoided. However, a major disadvantage of the Non-Methylation Scoring is that epigenetic variation of condition II and III is not taken into account.
Mixed Scoring approaches represent a compromise between scoring either methylated or unmethylated fragments. By incorporating both groups of fragments, some drawbacks of the single scoring methods can be avoided and more of the underlying information is utilized. Especially with regard to locus-specific analyses, like identifying putative epiloci under selection or correlating epigenetic patterns with phenotypic variation, Mixed Scoring seems to be favourable as it allows to test for both, the potential contribution of unmethylated and methylated fragments. As natural selection directly targets phenotypic variation and either silencing or activation of genes can lead to phenotypic adaption to particular environmental conditions, separately considering condition I, II and III might therefore give the most comprehensive picture. Paun et al. (2010) identified several epiloci putatively under selection using mixed scoring and considering three marker types (i.e. unmethylated markers, HMe CG-or Me CG markers and HMe CCG-markers). However, in the Paun-scoring, unmethylated fragments are incorporated into the two methylated marker types which probably introduces some bias as unmethylated condition I fragments may be rescored up to three times (e.g. when a locus contains all three Table 1 ).
types of MSAP fragments). This disadvantage is circumvented in 'Mixed Scoring 2' which considers each condition only once and might therefore better represent the actual methylation patterns.
A general drawback of the MSAP method is the unavailability of comparative information about genetic variation and thus the necessity for separate genetic analyses. Some authors (Herrera & Bazaga 2010; Lira-Medeiros et al. 2010) have applied certain MSAP scoring variants to assess genetic variation. Whereas Herrera & Bazaga (2010) treated those loci as genetic AFLP markers that did not exceed an estimated methylation threshold, Lira-Medeiros et al. (2010) , after excluding all loci with condition III fragments, used the MspI profiles as genetic marker. Both scoring variants consequently treat condition IV as mutated restriction sites, ignoring methylation as cause. However, Zhang et al. (2007) showed that a large proportion of observed fragment absences actually represent methylation polymorphisms rather than sequence variation, thus questioning the use of MSAP profiles as genetic markers.
A modification of the original MSAP, called metAFLP (Bednarek et al. 2007) , avoids the disadvantage of condition IV using the two isoschizomers Acc65I and KpnI, which are sensitive and insensitive to cytosine methylations of the recognition sequence 5′-GGTACC, respectively. Direct comparison of the digestion patterns allows for assessment of both, genetic and epigenetic variation. As KpnI cleaves when either the internal or external cytosine is methylated and shows an impaired cleavage (50%) when both cytosines are methylated (see REBASE specification), it is not possible to differentiate methylation in the CG, CHG or CHH contexts.
Case study
The different MSAP scoring approaches resulted in widely differing numbers of epiloci and revealed strong differences of diversity estimates for three populations of V. elatior. Consistent differences were found between Methylation, Non-Methylation and Mixed Scoring for PLP epi and mean Shannon's information index H Estimates of epigenetic differentiation were very high, ranging between Φ ST = 0.474 (Salmon-scoring) and 0.737 (Lira-Medeiros-scoring). However, although distinct differences could be found for certain scoring variants, neither the type nor the number of epiloci seemed to strongly affect the estimates of epigenetic population structure.
Conclusions
Methylation-sensitive amplification polymorphisms is a powerful tool to study epigenetic variation by investigating cytosine methylation for a large number of loci across the genome. Although the eight scoring approaches revealed some distinct differences, the resulting patterns of epigenetic diversity within and among populations appeared to be quite robust. Therefore, there seems to be not one best scoring approach for multilocus analyses. However, for single-locus analyses like genome scans or locus-by-locus-AMOVA, all types of methylation polymorphisms and resulting fragments should be considered separately. Only then the ambiguous functional role of differently methylated and unmethylated fragments that might have both, activating or down-regulating effects can be assessed. For studies focusing on single-locus analyses, we therefore advocate the use of 'Mixed Scoring 2' as it allows evaluating the different methylation types and their role in ecological or evolutionary processes.
